Introduction
The current clinical practices of human in-vitro fertilization followed by embryo transfer are based on data obtained using non-primate models, mostly rodents and the rabbit. Further experimental studies of in-vitro fertilization, embryo transfer, and early preimplantation development that could have more direct application to man would require an animal (a) whose overall reproductive physiology is comparable to that of man and (b) whose social behaviour and mental development are similarly complex. The rhesus monkey meets these criteria and, in addition, has already been studied for its embryology, and post-natal development (Harlow & Mears, 1979) . As part of our programme to develop an in-vitro method for studying primate fertilization and embryogenesis by using the rhesus monkey, we have investigated the conditions required to support sperm penetration of rhesus monkey oocytes in vitro.
For penetration of mammalian egg investments (cumulus oophorus and zona pellucida) spermatozoa must be vigorously motile and have undergone additional changes, termed capacitation, outside the male tract (Yanagimachi, 1981) . Rhesus spermatozoa appear to require capacitation in vivo (Marston & Kelly, 1968) . The time-course of sperm capacitation has been correlated with changes in substrate metabolism (Harrison, 1977) , altered calcium fluxes, removal of sperm surface components (Yanagimachi, 1981) , and/or alterations of lipid domains on the sperm head (Bearer & Friend, 1982) , increases in cyclic nucleotides (Garbers & Kopf, 1980) , and alterations of sperm flagellar beat and swimming trajectory (Johnson, Katz & Overstreet, 1981) .
Changes in hamster sperm flagellar beats and associated swimming trajectories are significant indicators of sperm capacitation and sperm fertilizing ability (Leibfried & Bavister, 1982) . The motility pattern of hamster spermatozoa changes to a distinctive high-amplitude whiplash flagellar movement, termed "hyperactivation" (Yanagimachi, 1981) , after a period of culture in a defined medium containing sperm motility factors (Leibfried & Bavister, 1982) . Hamster spermatozoa showing hyperactivated motility have been observed within the oviducal ampulla at the time of fertilization and have been observed penetrating the zona pellucida of eggs inseminated in vitro (Yanagimachi, 1981) . Similar alterations in motility patterns coincident with fertilizing ability have been described for ampullary rabbit spermatozoa (Cooper, Overstreet & Katz, 1979) , and for bat (Lambert, 1981) , mouse (Fraser, 1977) , guinea-pig (Yanagimachi, 1972) , ram (Cummins, 1982) , dog (Mahi & Yanagimachi, 1976) , and marmoset (Moore, 1981) 
Sperm motility assessments
Semen was collected by electroejaculation from 10 rhesus males of proven fertility (Mastroianni & Manson, 1963) , and the spermatozoa were washed in TALP-Hepes medium and incubated as previously described (Bavister, Boatman, Leibfried, Loose & Vernon, 1983 (Bavister & Yanagimachi, 1977) Fig. 1 for immature rhesus oocytes). The culture medium was TALP with 3 mg Fraction V BSA/ml, 0-5 mM-pyruvate, 10 mM-glutamine, 0-2 mM-isoleucine, 0-05 mM-methionine, 0-1 mMphenylalanine, 50 µg gentamycin/ml (Bavister et al., 1983) , and 10 µg follicle-stimulating hormone/ml (FSH-P, Burns (Bavister et al., 1983) . These were classified immediately. In replicate 4 all of the oocytes were the type (la) which we have previously identified as having the greatest potential for developing into 8-16-cell embryos in vitro (Bavister et al., 1983) . Within each category, oocytes were randomly assigned to experimental or control groups. Oocytes were placed into 90 µ fertilization drops which contained the same medium as the maturation drops but was supplemented with 2% heated midcycle rhesus blood serum and contained no FSH-P.
Rhesus spermatozoa were obtained from 4 males and washed in TALP-Hepes medium as previously described (Bavister et al., 1983) . Spermatozoa were incubated for 4 h at 20 106 spermatozoa/ml in 3 ml TALP medium overlaid with 2 ml silicone oil in an atmosphere of 5% C02-air. Then, 1 mM each of caffeine and dibutyryl cyclic AMP were added to the experimental dishes and equal volumes of 157 mM-NaCl were added to the control suspensions. After a further incubation of 1-5 h, aliquants were assessed for hyperactivated sperm motility, Then, the spermatozoa were diluted into the fertilization drops (final concentrations, 2 106 spermato¬ zoa/ml, 0-1 M-caffeine and 0.1 M-dibutyryl cyclic AMP).
Class eggs were fixed after 8-9 h co-incubation with spermatozoa; Class F eggs were rinsed and transferred to fresh medium at 24 h. Class F eggs matured in vitro were fixed after showing signs of degeneration or 48 h after the last observed cleavage division (PI. 1, Fig. 3 ). Class F eggs matured in vivo (replicate 4) which had cleaved to 4 or more cells were not fixed but were transferred to recipients. In this replicate, only abnormal embryos or uncleaved eggs were fixed. At the time of fixation, oocytes were rinsed and pipetted to remove excess granulosa and spermatozoa then fixed in 2% glutaraldehyde-2% formaldehyde in 0-12 M-phosphate buffer, pH 7-2. Oocytes were mounted singly, slightly compressed under a coverslip supported by Vaseline-paraffin wax spots, and examined using interference-contrast optics. Eggs were scored as penetrated if sperm tails were observed deeply embedded in the zona pellucida (PI. 1, Fig. 4 (Bavister et al., 1983 Fisher (1970) .
Series IV Female golden hamsters were injected with PMSG on the morning after oestrus. Eggs were recovered from oviducts 16 h after the ovulatory injection of hCG. The eggs were prepared for the zona-free test as described by Yanagimachi, Yanagimachi & Rogers (1976) . Eggs, 10-15 per drop, were placed into 100 µ drops of TALP or BWW medium (Biggers, Whitten & Whittingham, 1971) . Drops also contained 2% of hamster or rhesus blood serum, or no serum. Rhesus spermatozoa were washed as described by Bavister et al. (1983) . Spermatozoa were preincubated at 20-40 106/ml for 4-24 h in the same medium as the egg drops into which they were to be inseminated (e.g. BWW or TALP, with or without rhesus or hamster serum). The range of sperm concentrations tested in the egg drops was 0-5-10 106 spermatozoa/ml. In some experiments, rhesus spermatozoa were also preincubated as described in Series III. Eggs and spermatozoa were co-cultured for 4-8 h. The eggs were then processed for fixation and mounting and examined by phase-contrast microscopy. Eggs containing sperm heads undergoing various stages of decondensation in the vitellus and which were associated with sperm tails were scored as penetrated.
Results

Series I
Washed rhesus spermatozoa incubated for up to 24 h in TALP medium plus 3 mg Fraction V BSA/ml or 3 mg fatty acid-free BSA/ml showed a slight decline in progressive velocity and some increase in sperm agglutination over time. Substitution of 3 mg HSA/ml or 10 mg Fraction V BSA/ml or 10 mg fatty acid-free BSA/ml in the medium increased sperm agglutination and decreased progressive velocity. Spermatozoa incubated in TALP (3 mg Fraction V BSA/ml) supplemented with 2% hamster or rhesus blood serum had equivalent motility but slightly increased agglutination when compared to those in TALP alone. However, with 10% hamster or rhesus blood serum, motility was decreased and agglutination increased by as early as 4-6 h. These effects were very pronounced by 24 h. No hyperactivated motility was observed in spermatozoa for any of the incubation procedures.
Series II
Highly reproducible hyperactivated motility responses with concomitant changes in sperm trajectories were produced in free-swimming (non-agglutinated) spermatozoa that had been treated with 1 mM-caffeine plus 1 mM-dibutyryl cyclic AMP (Text- fig. 1 Regardless of sperm preincubation conditions, only an occasional hamster zona-free ovum was penetrated by rhesus spermatozoa (PI. 1, Fig. 6 ). This demonstrated that rhesus spermatozoa can bind to and fuse with hamster egg membranes and that hamster eggs can initiate rhesus sperm decondensation.
Discussion
In this study, increased cyclic nucleotide levels were implicated in rhesus sperm capacitation and fertilizing ability. In the presence of caffeine plus dibutyryl cyclic AMP, 31/54 of rhesus oocytes were penetrated by spermatozoa compared to 0/43 of the controls (Table 2 ). Of the 18 experimental Class F oocytes (mature with normal morphology), 16 cleaved to 2 or more cells compared to 0/10 of the equivalent controls. Hyperactivation was induced in rhesus spermatozoa by caffeine plus dibutyryl cyclic AMP but not by caffeine plus dibutyryl cyclic GMP (Table 1) . Other incubation conditions which support capacitation in vitro of spermatozoa of different species (e.g. human, hamster: Rogers, 1978) did not elicit hyperactivated motility in rhesus spermatozoa. Development of hyperactivated motility was correlated with rapid binding of rhesus spermatozoa to zonae pellucidae and was exhibited by spermatozoa during penetration of the zonae. Untreated rhesus spermatozoa, regardless of incubation time in TALP, were not found adhering to zonae during detailed microscopic examination.
The rhesus penetration assays included granulosa cells, spermatozoa and eggs. Therefore, it is possible that more than one cell type was affected by the treatment(s) used. Several lines of evidence suggest that the predominant treatment effect(s) which led to increased sperm penetration of eggs occurred directly on the sperm cells. First, only spermatozoa pretreated with caffeine plus dibutyryl cyclic AMP bound to eggs without delay after insemination. Second, the penetration of oocytes did not vary with the culture conditions and preincubation time of the egg/cumulus complexes (Table 2 , compare Class F oocytes in replicates 1 and 4). If the effects of caffeine plus dibutyryl cyclic AMP had been mediated through stimulation of granulosa cell secretion(s) (Hillensjö, Magnusson, Svensson &Thelander, 1981) (Fraser, 1977; Johnson et al., 1981; Yanagimachi, 1981; Cummins, 1982) .
Hyperactivated motility correlated with sperm capacitation has been reported for at least 9 species including two primates, rhesus monkeys (this report) and marmoset monkeys (Moore, 1981) . Two possible functions for this type of motility have been suggested: (1) hyperactivated motility may permit a few superior or vanguard spermatozoa to escape the isthmus of the oviduct and to enter the ampulla (Cooper et al., 1979) ; (2) the vigorous thrusting of the flagellum may mechanically aid sperm passage through the egg investments (Yanagimachi, 1981) . While hyperactivated motility has not been unequivocally described for human spermatozoa, there are indications of special motility characteristics associated with their fertilizing ability. These may be similar to those we detected in rhesus spermatozoa. Under conditions of egg penetration, rapid flagellar beats of high amplitude have been measured for human spermatozoa bound to zonae. Movement of these bound spermatozoa was described as a vigorous "thrusting against the zona substance" (Gould et al., 1983) . This was similar to our observations on caffeine and dibutyryl cyclic AMP-treated rhesus spermatozoa bound to zonae ('Results', Series III). Caffeine treatment of human spermatozoa in vitro has been shown to increase the numbers of spermatozoa showing irregular swimming trajectories (Gorus, Finsy & Pipeleers, 1982; Serres, Feneux & David, 1982) . We also detected irregular trajectories in rhesus spermatozoa treated with caffeine plus dibutyryl cyclic AMP (Text-fig. lb ). Human spermatozoa treated with caffeine have been described as showing "an agitated motility characterized by sudden changes in direction" at 2 h of incubation, a time which corresponded to the onset ofenhanced penetration by treated spermatozoa into hamster zona-free ova (Perreault & Rogers, 1982) . We similarly found maximal effects of caffeine plus dibutyryl cyclic AMP on rhesus sperm motility and trajectory changes after 1-5 h of incubation ('Results' & Table 1 ). Rhesus spermatozoa so treated bound to rhesus zonae without delay. Decreased progressive velocity of sperm suspensions has been considered evidence of the deleterious effect of caffeine on human spermatozoa (Harrison et al., 1980) . Instead, it may represent an increase in movement parameters (Gorus et al., 1982) underlying the development of irregular swimming trajectories which may be related to hyperactivation and correlated with capacitation.
The physiological mediators of hyperactivated motility in spermatozoa are largely unknown. In hamster spermatozoa, ß-amino acids (taurine and hypotaurine) and catecholamines control this type of motility in vitro and are also the likely mediators in vivo (Leibfried & Bavister, 1982) . In cellular systems which have been characterized, catecholamines act by altering cellular calcium fluxes and/or by increasing intracellular concentrations of cyclic AMP (Rasmussen & Goodman, 1977) . Tash & Means (1983) Although hyperactivated motility is not equivalent to capacitation per se, the dual location of cyclic AMP-dependent proteins in the flagellum and sperm head (Tash & Means, 1983 ) may account for the usually tight coupling observed between hyperactivated motility and capacitation (Johnson et al., 1981) . Modifications of the surface membranes of the sperm head occur during capacitation and culminate in a calcium-dependent acrosome reaction (Yanagimachi, 1981) . In the present study, rhesus spermatozoa treated with caffeine plus dibutyryl cyclic AMP showed evidence of head-surface modifications: (1) increased sticking to plastic or siliconized glass; (2) increased agglutination; (3) increased binding to zonae pellucidae. These changes in the rhesus spermatozoa may have occurred as a consequence of increased intracellular cyclic AMP and/or by effects of caffeine unrelated to inhibition of phosphodiesterase (Tash & Means, 1983) . One such effect of caffeine could be altered cellular calcium metabolism. Caffeine and other methylxanthines induce acrosome reactions in abalone spermatozoa primarily by increasing calcium uptake (Kopf, Lewis & Vacquier, 1981) .
We have observed consistently high penetration of rhesus spermatozoa into zona-intact homologous eggs (Table 2; also Bavister et al., 1983) , but little to no penetration of hamster vitelli. This experience was similar to that reported for crab-eating macaques, Macaca fascicularis (Kreitmann, Lynch, Nixon & Hodgen, 1982) . One possible explanation for these observations would be that the macaque zona is both the site and the stimulus for the acrosome reaction of the penetrating spermatozoon, as shown for the mouse (Saling & Storey, 1979 ). There are also data which may implicate an effector role for the zona pellucida in normal human sperm penetration. Differences have been shown between capacitation as measured by penetration of homologous zonae or by penetration of hamster vitelli (Gould et al., 1983 (Bavister et al., 1983) . The procedures used to capacitate rhesus spermatozoa thus may have value for both basic and applied research.
